Abstract: An in-process method for controlling welding distortion in Hatch Cover
I. Introduction
Evaluating welding distortion and residual stress is important in order to assure material weld ability, structural fabric ability, and structural integrity. In particular, prediction of welding distortion and its reduction are essential in order to control dimensions and reduce the fabrication cost of welded structures. Therefore, from the viewpoint of manufacturing efficiency, in-process control of welding distortion is more desirable than postwelding rectification or other methods. There are many methods for predicting welding distortion and residual stress, and they are useful for developing an in-process method for controlling weld distortion and residual stress. Thermal Lab test analysis with large-scale numerical computation is one of the most powerful tools for predicting the mechanical behavior of welding. The two-dimensional approach for calculating weld distortion and residual stress has been successfully achieved, and three-dimensional calculations have even recently been performed on the latest high-speed computers. Welding distortion and residual stress can be calculated under various welding conditions and for various configurations of welded structures by the thermal analysis, but a long computing time is required. As the other method, a simplified analysis using the principle of Eigen strain can rapidly estimate residual stress and distortion, once welding conditions have been determined. Simplified predicting equations of residual stress and welding distortion from pigeonholing experimental measurements are also often used. The most suitable method should be applied for studying in-process control of welding distortion and residual stress.
Methods using mechanical pre-straining, cooling, optimizing the welding sequence or using vibration has been developed for residual stress control in welding. The resulting reduction mechanism of residual stress has been verified and validated mainly by numerical analysis. In-process control of weld distortion is performed by using restraint, elastic prestraining, preheating, preheating or/and stretching, or heat control by cooling. These methods have been applied to actual welded structures, but the reduction mechanism of welding distortion has not been completely studied because most of these techniques were only experientially established for specific conditions.
A mechanical method for in-process control of weld distortion such as restraint needs huge force and equipment for actual components. The easiest way to reduce welding distortion is in-process heat control, when both the equipments needed to prevent distortion and the applicability to general purpose is considered. Therefore, in-process control of welding distortion by using a heating or cooling source in addition to the welding torch is considered to be very practical for actual use.
An in-process method for controlling weld distortion in fillet welds has been developed, in light of the above-described back-ground. Angular distortion is particularly reduced by conducting triangular heating at a fixed distance of MAG welding. The effectiveness of this method is verified by experiment and by Geographic information system analysis in a fillet welded joint made of type AH36 steel. The appropriate heating conditions are determined through studying the mechanism by which welding distortion is reduced, and the effectiveness of the proposed in-process method during welding is finally validated.
Experiment
The effectiveness of the method for in-process control of welding distortion is investigated by an actual experiment using a fillet-welded joint made of AH36 steel. Several parameters related to welding and heating conditions are varied in order to study their effect on welding distortion. The main type of welding distortion is considered to be angular distortion transverse bending. Longitudinal shrinkage is also considered when the appropriate conditions are discussed. This is because that angular distortion is much larger than other distortion modes such as longitudinal bending, transverse shrinkage, and rotational distortion. Longitudinal shrinkage may eventually cause buckling deformation and it often becomes important for practical use.
Principle of Distortion Control:
The configuration of the tested fillet-welded plate joint, which is made of type AH36 steel, is shown in Fig. 1 . The plate thickness of the flange was varied from 3 mm to 6 mm, and a 3-mmthick web was fillet welded to the flange by fillet welding. The two sides were fillet welded sequentially at a constant speed of 30 mm/s by MAG or CO 2 welding with type 5183 filler metal 1.2 mm. The flange plate sat on a table with a slit to allow access of the MAG heating torch from top to bottom of the flange plate in triangular shape. The vertical web has been supported with 20-mm-tack weld in each of the four edges. The chemical composition and mechanical properties of the material are listed in Table 1 . The triangular MAG heating was performed ahead of the triangular cooling mainly to prevent angular and linear distortion of the flange.
Fig. 1 Configuration of a fillet-welded joint
The in-process welding distortion control by the triangular heating is schematically illustrated in Fig. 2 . The triangular cooling was conducted at a fixed distance, ahead of the MAG welding. It is considered that the distance D between the heating and cooling torches and the heat input of MAG heating, Q MAG , are parameters that play an important role in controlling welding angular distortion and linear distortion. Weld sequence (methodology to perform welding sequence)
Fig. 2 Schematic illustration of welding distortion control by fairing
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II. Results of Experiment:
The relationship between web plate and face plate and their residual angular distortion is shown in Fig.  2 . Positive angular distortion means that the flange has a concave upper surface. Residual angular distortion was small when the distance of preceding cooling torch was from about 50 mm to 300 mm. These angular distortions were smaller than that when MAG welding was performed before the cooling to increase the temperature caused preheating and the angular distortion caused by only MAG welding was nearly the same as that when cooling was conducted just after MAG welding. These results suggest that the reduction in distortion caused by the triangular heating is due not only to the opposite angular distortion caused by CO 2 heating but also to some factor such as a preheating effect.
The effect of MAG heat input Q MAG on angular distortion can be obtained. It is clear that heat input from triangular heating parameter with thickness, Q MAG , about 3000-4000 J/cm 3 can effectively reduce angular distortion. This result means that the effect of the opposite angular distortion by MAG heating may saturate at a certain CO 2 heat input, even though the preheating effect becomes larger with increasing CO 2 heat input Q MAG. It is concluded that the triangular heating method can reduce angular and linear distortion in welded joints. It is important to choose a suitable distance D between MAG and cooling torches and an adequate heat input Q MAG for MAG heating. Total heat input including both sides MAG heating plays an important role in the quality of a welded joint such as toughness and strength. However, it is considered that the joint was sufficiently welded because the welding and heating speed were very high. Therefore, the total heat input did not become higher, so the quality of the welded joint might decrease.
The three control factors are: 1) Weld sequence (methodology to perform welding sequence) 2) Stitch length (welding is performed as stitched and later joined these stitches to complete the full welding) 3) Weld speed (welding voltage and current are two factors influences the speed for required leg length of the weld)
Mechanism of Reduction in Welding Distortion
The effectiveness of the in-process welding-distortion control method was confirmed by experiment in the previous section. Understanding the mechanism of reducing welding distortion is important in order to expand this method to many components. Various heating conditions, by changing the distance between the two torches, CO2 heat input, and width of heating area, were examined by using LAB test analysis (GIS). Analytical Model: The analytical model for studying the mechanism by which welding distortion is produced during triangular heating. The minimum mesh size is1 mm thickness, 2 mm width, and 10 mm length. The web is omitted from the model for simplification. This is because the main purpose of the tendency and the production mechanism of welding distortion. MAG welding from the one surface of the plate and triangular cooling from other surface are simultaneously performed by heat conduction while distance D is kept constant. The welding speed of both the MAG welding is 30 mm/s and numerically simulated by moving the heat source in the elements. The condition assumed in the analysis was a bead-on-plate configuration without filler metal. The MAG welding width was set to 4 mm and the cooling torch width to 10 mm, based on the results of the experiment.
Fig 3 Angular and Linear distortion varies with respect to distortion
Physical and mechanical properties used in the heat-conduction and stress analyses are shown in Fig 3 . These properties were determined by considering the characteristics of temperature dependence. Melting phenomena are treated by lowering Young's modulus and yield stress at the high-temperature region. Heat transfer from the plate surface was considered by heat flux in the temperature analysis for MAG welding. Heat efficiency for the MAG welding and the preheating was determined by comparing the measured temperature distributions and histories with the computed values.
Analytical Results:
The angular distortion changes during welding at any position because temperature distribution transiently changes. Figure below shows the history of longitudinal distribution of angular distortion by MAG welding only. Angular distortion is generated immediately when the MAG torch reaches the evaluation line and saturates soon after the MAG torch passes. Residual angular distortion becomes larger at the end of the welding line than at the start, but the tendency of the history of generating distortion is the same at any position. Therefore, the angular distortion at the center transverse line is used in the following discussion. The history of angular distortion at the cross section of the plate center is shown in Fig. It is clear that large angular distortion is produced by MAG welding only, and an opposite large distortion is generated by triangular preheating only. By performing triangular cooling at a constant after MAG welding, residual angular distortion can be reduced.
Fig 4 Physical properties for AH36 steel
Fig 5 mechanical properties for AH36 steel
In this case, opposite distortion is produced by the triangular cooling until the MAG torch arrives at the center of the plate, then the distortion is finally reduced to almost zero by the MAG welding. The preheating effect is considered to also play an important role in welding distortion; therefore, the distortion history by only the MAG welding after preheating at 90°C was calculated. This is because the plate just after MAG welding was heated by preheating and temperature distribution near the weldment was almost constant. This distortion behavior and the behavior by the triangular cooling only can be elastically superposed. The history of the sum is nearly equal to the welding distortion behavior caused by the triangular heating method. This result suggests that the mechanism of distortion reduction during triangular heating includes both the effect of preheating by the MAG heating and the effect of the opposite-side angular distortion by the cooling.
It is considered that the mechanism for reducing angular distortion results from two main effects, preheating effect, and cooling effect on the triangular shape, which provides the opposite angular distortion by thermal strain. Only MAG welding was conducted after preheating. Angular distortion decreases with increasing preheating temperature. The temperature field near the weldment just before the MAG welding becomes higher, as the preceding distance D of triangular cooling after MAG welding decreases, this means that the preheating effect increases as distance D decreases. On the other hand, the history of angular distortion at the center of the plate caused by preheating. The horizontal axis, time t, represents the elapsed time until the start of MAG welding, and the equivalent distance D between the cooling torch and MAG torch can be calculated from the welding speed. This figure shows that the effect of the opposite-side angular distortion is low when distance D is small. It is necessary to choose appropriate conditions by considering both the preheating effect and the opposite-side distortion effect, although they have effects on the CO 2 heat input. The residual stress caused by MAG welding only is compared with that by triangular heating, Longitudinal Stress, x , is dominant in the model because the plate is only 4 mm thick and transverse stress, y , is hardly generated. Longitudinal stress distribution by MAG welding only is nearly the same as the other two distributions by MAG heating ahead of cooling. This is because the magnitude and distribution of residual stress are mainly determined by total heat input, and added CO 2 heat input affects the width of the tensile stress area a little more than MAG welding only, but it does not affect the magnitude of residual stress. 
Appropriate Conditions for Triangular Heating:
The effect of distance D between the cooling and MAG torches on angular distortion is shown in Fig.6 . When heat input is 450 J/cm, residual angular distortion becomes small when the preceding distance D and this tendency matches the experimental results shown in Fig.  7 . The angular distortion caused by MAG welding performed after reducing the temperature rise caused by triangular cooling is larger than that caused by fairing. The triangular heating method is more effective than the conventional method of pre-bending to produce opposite distortion prior to welding. This is because it not only produces an opposite distortion affected but also produces a pre-heating effect. On the other hand, the effectiveness of the preceding preheating is not so large when heat input is 225 J/cm. It is important that the appropriate heat input should be chosen by referring to the MAG heat input.
Fig 8 Linear and Angular distortion with respect to time
The effect of triangular cooling on angular distortion is shown in Fig 8. The relationships between longitudinal shrinkage and cooling effect are also shown. Residual angular distortion becomes smaller when an appropriate heat input is used, and the tendency of the results agrees with the measured values. Residual longitudinal shrinkage increases in proportion to heat input. Therefore, it is suitable for controlling both angular distortion and longitudinal shrinkage to choose a condition of lower heat input in the range of preheating that allows angular distortion to be reduced. Other heating sources for distortion control should also be investigated for expanding applicability in practical use. Gas heating or induction heating generally has a larger preheating area than MAG heating even for the same heat input. The effects of the preheating area two types of preheating area having the same heat input on angular distortion and longitudinal shrinkage in the triangular heating method. It is clear that the heat source with high energy density type W can effectively reduce the residual angular distortion with a lower heat input. This result shows that a heat source with high-energy-density triangular heating is effective for preventing angular distortion.
These results show that the active in-process triangular heating method effectively reduces angular distortion in fillet welds during the welding process when an appropriate condition is chosen. This controlling method has a possibility of the application to the practical fabrication of welded structures with complicated shapes.
Summary
The developed in-process control method using triangular heating at a fixed distance ahead of cooling effect can reduce welding angular distortion in fillet welds. The effectiveness of this method was verified by experiment and by three-dimensional Geographic information system analysis of a fillet-welded joint. Various heating conditions were chosen in order to study the mechanism by which welding distortion is reduced. The reduction of angular distortion is a result of two main effects: one is that preheating on the triangular side provides the opposite angular distortion by thermal strain, and the other is the cooling effect. This method is thus effective for reducing angular and linear distortion.
